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Mild and rapid surface initiated ring-opening
polymerisation of trimethylene carbonate from
cellulose†

Samuel A. Pendergraph,* Gregor Klein, Mats K. G. Johansson and Anna Carlmark*

Surface initiated ring-opening polymerisation (SI-ROP) of trimethylene carbonate (1,3-dioxane-2-one,

TMC) from cellulose surfaces has been studied for the first time. Specifically, organocatalytic systems

employing 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) or 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) were

implemented in the ROP of TMC, initiated by the hydroxyl groups on the cellulose chain, to form

polymer grafts on the surface of filter papers. A sacrificial initiator was added to the reaction solution,

resulting in the formation of free, unbound polymer formed in parallel to the surface grafting. The

properties of the polymer grafted paper were studied utilising infrared spectroscopy, thermal gravimetric

analysis, scanning electron microscopy and contact angle measurements. The free polymers were

characterised with nuclear magnetic resonance spectroscopy and size exclusion chromatography. The

grafting resulted in hydrophobic papers in as little as one minute and the ability to control the grafting

length of the polymer from the surface was demonstrated by either altering the time of the

polymerisation or the ratio of free initiator to monomer. This polymerisation route provides milder

conditions than conventional metal-catalysed ROP, greatly reduces reaction times and thus is an

attractive method for modification of natural biopolymers compared to previously described methods.
Introduction

The graing of polymers from solid surfaces has been imple-
mented as an effective technique to control the interfacial
behaviour.1–7 Different approaches have been examined, which
include conventional free radical polymerisations,8–10 as well as
controlled techniques such as atom transfer radical polymeri-
sation (ATRP),11–13 nitroxide mediated radical polymerisations
(NMP),14,15 reversible addition fragmentation chain transfer
(RAFT),16–21 and ring-opening polymerisation (ROP).3,22–28

Controlled surface initiated polymerisation techniques have
been applied to create well dened surfaces for a plethora of
applications ranging from electronics, reinforced composites,
optical devices and drug delivery vehicles.2,4,6,12,23,29,30

The modication of cellulosic materials has been a well-
studied challenge over the last several decades.23 The high
modulus that is inherent for cellulose as well as the natural
abundance and availability of the material continues to be the
motivation for hybrid cellulosic based materials.23 However,
realization of cellulose derived materials in several applications
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has been hindered due to the poor interfacial compatibility with
many synthetic polymers. Conversely, surface polymerisations
have been utilised to obviate poor adhesion between these
interfaces.1,16,31,32 For example, inclusion of cellulosic materials
into bre reinforced composites has signicantly increased in
recent years.3,23,24,26,33

The aforementioned controlled polymerisation techniques
have been studied in order to obtain versatile and functional
surfaces. RAFT and ATRP polymerisations have successfully
introduced characteristics on cellulose such as hydrophobicity,
responsivity, and formation of precursor reactive
groups.1,5,16,17,20,28,32,34,35 However, the utilisation of these
synthetic routes requires a modication of the cellulose to
introduce the necessary reactive/initiating group. Poly-
esterication reactions have been widely evaluated on different
types of cellulose as they do not require an initial chemical
modication of the interface.3,22–28 In this reaction, the native
hydroxyl groups in the polysaccharide backbone are utilised as
initiators, which is a great advantage with this technique.
However, despite several studies on polyester graing, the
reactions are typically focused on metal catalysed polymerisa-
tions, for the ROP of lactones and lactides. Hafrén and Cordova
utilised an organic acid for the ROP of 3-caprolactone (3-CL)
from a cellulosic substrate; however their procedures required
high temperatures.36 Recently, our group has published a report
of using a basic organocatalytic system which was employed
(1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)), for the graing of
RSC Adv., 2014, 4, 20737–20743 | 20737
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3-CL from a cellulose model surface.37 The use of these types of
catalysts has been demonstrated to create well-controlled
solution based polymers with short reaction times and under
mild conditions.38

Lactones and lactides have proven to be versatile monomers
in ROP from cellulose and demonstrate a potential for
biomedical applications.39,40 The advantage of the resulting
polyesters is their potential biodegradability as they are able to
hydrolyse under in vivo conditions. However, one drawback with
polyesters is the generation of acid by the formation of
carboxylic acid groups during hydrolysis. Polycarbonates are a
class of polymers which demonstrate similar potential for
biomedical applications in terms of degradation under in vivo
conditions; however they do not generate acidic by-products in
the hydrolysis of the polymer.29,41–45 These characteristics have
motivated us to study polycarbonates graed from cellulose
interfaces, which to our present knowledge have not been
explored previously. In this report, we describe the rst poly-
merisation of trimethylene carbonate (1,3-dioxane-2-one, TMC)
from cellulosic bre surfaces. Our method utilises organo-
catalytic bases to initiate ROP from paper bres directly. We
demonstrate the ability to create hydrophobic paper with
tuneable control of the amount of polymer graed on the
surface. The reactions described herein are performed under
milder conditions than previously reported work on ROP of
lactones and lactides from cellulosic surfaces. Finally, we
demonstrate the ability to create hydrophobic, polycarbonate
functionalised papers within a minute at room temperature
without prior modication of the cellulosic material.
Experimental
Materials

1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU), 1,5,7-triazabicyclo
[4.4.0]dec-5-ene (TBD), benzylic alcohol and benzoic acid were
purchased from Sigma Aldrich and used as received. Dichloro-
methane (DCM) was purchased from VWR and used without
further purication. Trimethylene carbonate (TMC) was
synthesized according to literature procedures.46 Whatman #1
lter paper was rst washed with ethanol and DCM thoroughly.
Subsequently, the paper was dried in an oven overnight
(>12 hours) at 120 �C prior to the graing polymerisation.
Instrumentation

Proton nuclear magnetic resonance (1H-NMR) spectra were
recorded using a Bruker AM 400a with deuterated chloroform
(CDCl3) as the solvent. Molecular weight (Mn) and dispersity
(ĐM) were evaluated with size exclusion chromatography (SEC)
with a TOSOH EcoSEC HLC-8320GPC system equipped with an
EcoSEC RI detector and three columns (PSS PFG 5 mm, Micro-
guard 100 Å and 300 Å) (molecular weight resolution range:
300–100 000 g mol�1) from PSS GmbH, using DMF (0.2 mL
min�1) containing 0.01M LiBr as themobile phase at 50 �C. The
measurements were calibrated against a low dispersity poly-
(methyl methacrylate) (PMMA) standard ranging from 700 to
2 000 000 g mol�1.
20738 | RSC Adv., 2014, 4, 20737–20743
Static contact angles were measured at 50% RH and 23 �C on
a KSV instrument CAM 200 equipped with a Basler A602f
camera, using a volume of 5 mL of Milli-Q water.

Infrared spectroscopy (IR) was conducted on a Perkin-Elmer
Spectrum 2000 FT-IR with aMKII Golden Gate, Single Reection
ATR system from Specac Ltd., London, U.K. All spectra were
normalised against a specic ATR crystal absorption (1900–
2300 cm�1) in the comparison of the cellulose graing.

Field emission scanning electron microscopy (FE-SEM)
images were recorded on a Hitachi S-4800 FE-SEM and the
samples were coated according to previously reported
procedures.22

Thermal gravimetric analyses (TGA) were performed on a
TGA/DSC 1 Mettler Toledo AG, Analytical Switzerland. Samples
were subjected to a heating rate of 10 �C min�1 from 40 to
700 �C under nitrogen atmosphere with a ow rate of
60 mL min�1.
Polymerisation of TMC on cellulose bres

The conditions for the TMC polymerisation were based on
previously reported procedures in the literature.38,47 All poly-
merisations in the test series followed a general procedure as
described below, varying reaction conditions as presented in
Table 1. A vial containing a magnetic stir-bar was ame-dried.
The papers (2 pieces with dimensions of 1.5 � 0.5 cm) were
directly added from the drying oven and the vial was then
capped with a rubber septum. The vial was evacuated and
backlled with argon to form a dry, inert atmosphere within the
vial. Aer the vial had cooled down to room temperature, TMC
(0.5 g, 4.9 � 10�3 mol) was added to the ask. The ask was
subsequently evacuated and backlled with argon for 10
minutes to remove oxygen and water. A fresh stock solution of
benzylic alcohol (8.5 mg mL�1) in DCM was added, under
argon, to introduce the sacricial initiator. For example, in
250 : 1 reactions, 250 mL of the benzylic stock solution (2.12 mg,
1.96 � 10�5 mol) was added to the mixture. Catalyst stock
solution (30 mg mL�1) was added to the reaction mixture and
the mixture was allowed to stir for one minute at room
temperature to ensure dissolution of the monomer. In all
experiments, the monomer to catalyst molar ratio was kept
constant at a 100 : 1 ratio and the sample vials subsequently
diluted with dry DCM under argon so the total volume of the
reaction mixtures was 850 mL. The reaction mixture was then
placed into an oil bath thermostated at 40 �C for a specied
time. When the reaction was completed, the solution was
quenched with benzoic acid in a 3 molar excess relative to the
DBU catalyst. The modied paper was removed from the reac-
tion solution and rinsed with DCM and ultrasonicated in DCM
for 5 minutes to remove any physically adsorbed polymer. The
solvent from the rinsing was transferred to the remaining
reaction mixture and then concentrated in a rotary evaporator.
The solution was then poured in an excess of methanol at 0 �C
and the precipitated polymer collected for IR, 1H-NMR and SEC
analysis. The paper was vacuum dried overnight at 50 �C prior to
FTIR, TGA, SEM and contact angle measurements. Experiments
using the TBD catalyst were conducted in the same manner as
This journal is © The Royal Society of Chemistry 2014
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Table 1 Reaction conditions of the surface-initiated polymerisation of carbonate from filter paper

Sample Catalyst Monomer/initiator ratio [M] Time Conversion (%) Mn
b (kDa) Mn

c (kDa) ĐM

1 DBU 250 3 h 86 10 7.2 1.40
2 DBU 250 6 h 92 10 7.7 1.36
3 DBU 250 24 h >99 11 7.0 1.60
4a DBU — 24 h >99 N/A 61 1.43
5 TBD 50 10 min >99 5.0 4.7 1.86
6 TBD 250 10 min >99 10 6.9 1.33
7 TBD 100 1 min >99 7.5 9.8 2.06

a No added sacricial initiator. b Calculated from end-group analysis by 1H-NMR. c Measured by SEC.
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DBU, except that the time was held constant at 10 minutes for
all experiments. In a nal experiment, the reaction was run for 1
minute and then quenched and processed identically to the
other TBD and DBU reactions.
Results and discussion

The impetus of this study was to evaluate the characteristics of
organocatalytic polymerisations of TMC from cellulose bre
surfaces. Filter paper (Whatman #1) has previously proven to be
a robust and reliable surface for polymerisations of a plethora of
various monomers, owing to its high cellulosic content (>98%)
and purity.31 While ROP and ring-opening metathesis poly-
merisation (ROMP) have been studied from cellulose bres,
limited work has been undertaken on understanding the
behaviour of ring-opening reactions, catalysed by metal free
organocatalysts.22,37 Furthermore, ROP of cyclic carbonates have
not been previously reported from paper based materials. In
order to evaluate the polymerisations from cellulose, we
employed similar reactions conditions as reported by Way-
mouth, Hedrick and co-workers (Fig. 1) for polymerisation of
TMC in solution, implementing the same catalysts on a
heterogeneous system.38,47
Fig. 1 Reaction scheme of the grafting polymerisation from the filter pa

This journal is © The Royal Society of Chemistry 2014
In most of the graing reactions, a sacricial initiator was
added to the polymerisation solution, resulting in formation of
free, unbound polymers. Previous work on graing from cellu-
lose utilising ATRP and RAFT have shown that polymer formed
in the solution in parallel to the surface initiated ring-opening
polymerisation (SI-ROP) has similar properties in terms of Mn

and dispersity.16,48 It was anticipated that this would also be
valid for SI-ROP of carbonates. Therefore, this methodology was
also chosen for these experiments as surface-bound poly-
carbonates are challenging to cleave off the surface of cellulose
bres by conventional methods (e.g. hydrolysis) since this
would also degrade the polymer itself. However, analysing the
free polymer formed, and assuming that the free polymer and
the surface bound polymer are similar, the molecular weight
and dispersity (ĐM) of the brush can be indirectly determined.48
Ring-opening polymerisation with DBU catalyst

The free polymers formed were evaluated by SEC and 1H-NMR
analysis, varying the reaction times to obtain the molar masses,
conversions, and ĐM for both catalytic systems as presented in
Table 1. DBU was utilised to evaluate the molecular weight
dependence given a target molecular weight as a function of
time. This catalyst was selected because it has previously been
per.

RSC Adv., 2014, 4, 20737–20743 | 20739
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Fig. 2 Contact angle of a PTMC grafted paper after polymerisation (24
hours) with the DBU catalyst at 250 : 1 monomer/initiator ratio.
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established to exhibit slower reaction rates in the ROP of TMC
compared to other more active organocatalysts (e.g. TBD).38,47 A
relatively slow reaction rate allowed for a more distinct deter-
mination of the effect of reaction time (i.e. the reaction kinetics
of a very rapid reacting system is difficult to practically assess
utilising conventional analytical techniques). The conversion
was measured by evaluating the up-eld shi in the methylene
peaks of the TMC monomer to the polymer, from 4.45 ppm to
4.2 ppm and from 2.2 to 2.0 ppm (an example is provided in
Fig. S1†).38,47 Polymerisations catalysed with DBU at room
temperature had virtually no conversion aer 8 hours under
inert conditions. However, when the temperature was raised to
40 �C, the reaction proceeded in a linear manner up to 6 hours
(sample 1 and 2) and subsequently neared completion aer 6
hours according to the 1H-NMR data. Longer reaction times
(sample 3, 24 hours) produced a paper with similar hydro-
phobic characteristics; however this also lead to a broadening of
the ĐM of the free forming polymer, which was consistent with
previously reported results.38,47 The ability of cellulose to initiate
TMC polymerisation without any sacricial initiator in the
reaction mixture ([TMC]/[DBU] ¼ 100) was also investigated. As
no free initiator was added, free polymers were not expected to
be formed. However, aer precipitation of the reaction solution,
a polymer which had higher molecular weight compared to the
other reactions could be isolated. We propose that this polymer
was formed from remaining water molecules, which could
function as initiators, or from other side reactions that could
potentially occur, such as chain scission of the propagating
brushes, cleaving chains off the surface. It should in this context
be noted that it is well known that it is very difficult to
completely remove bound water from cellulose due to its
hygroscopic structure.48 The procedure used in the present
study was, however, in accordance to the state of the art in
minimising the water content under conventional laboratory
conditions. The high molar mass obtained further implies that
a high concentration of monomers compared to free initiator
functions was found in this system.

The graed cellulose surfaces were analysed by contact angle
measurements, IR spectroscopy, SEM and TGA. Static contact
angle measurements were performed on the graed cellulose
and compared to native cellulose surfaces. It should here be
noted that the two main factors affecting the macroscopic
contact angle determined in this study was the surface energy
(surfaces tension) measured on an Ångström-level and the
surface topography measured over a length scale ranging from
nanometres to micrometers.49 Native cellulose paper had no
measureable contact angle due to its highly hydrophilic nature.
However, the polycarbonate graed lter papers exhibited
stable static contact angles of 100� 3 degrees for reaction times
of 3 hours or more for the DBU catalysed reactions as shown in
Fig. 2. Prolonged reaction times did not increase the contact
angles above these values which imply that this was the
intrinsic surface behaviour of PTMC surfaces for this specic
surface topology. The contact angles were relatively indepen-
dent of molecular weight and reaction times indicating that the
surface on the Ångström-level was rather homogeneous and
above a threshold level above which a chain extension do not
20740 | RSC Adv., 2014, 4, 20737–20743
contribute to further changes in surface energy. The contact
angles of 100� were considerably larger than previously reported
literature values for PTMC lms (�75�).41 The discrepancy
between our values and thin lms of PTMC prepared in litera-
ture was due to the roughness in the lter paper. In Fig. 3, SEM
images are shown for the unmodied paper and for 24 hours of
polymerisation with DBU. The unmodied bres had a rough
exterior due to the brillar structure of the cellulose bres. The
polycarbonate graed lter paper appeared to have a smoother
surface and the total paper was less porous overall, which is
consistent to our previous observations.22

IR spectroscopy was performed on the graed lter papers to
conrm the attachment of polymers to the surface. Unmodied
cellulose does not possess carbonyl functional groups, and
therefore they do not have IR adsorption between 1600–
1800 cm�1. The reference sample of unmodied lter paper
shows no signicant peak in this region, as shown in Fig. 4. The
pure polycarbonate (PTMC), isolated from the reaction, shows a
large stretch vibration around 1750 cm�1, which is character-
istic of a carbonate carbonyl C]O stretching vibration The
papers graed with TMC for 3 hours, exhibited a peak appear-
ing at 1750 cm�1, originating from the carbonate graed onto
the surface. Increasing the polymerisation time to 6 hours,
increased the peak in the 1750 cm�1 region, with an even
stronger absorption observed for the samples graed for
24 hours. The increased absorption was indicative of a higher
PTMC polymer content on the surface. The increased PTMC
content could have arisen from two possibilities. First, the
increased time of the reaction allowed for the monomers to
propagate, thus creating longer chains assuming a constant
graing density of the chains. Second, continuing reactions of
unmodied hydroxyl groups either through graing-from the
surface or PTMC homopolymers graing-to the surface could
have increased the graing density.38,47 Conversely, we attrib-
uted the increase in the carbonyl signal in IR primarily to
increasing the molecular weight of the graed polymer chains
due to steric hindrance. Interestingly, this increased amount of
polymer on the paper differed from the trend of the data
obtained from the SEC and NMR analysis of the free formed
polymers, Table 1, entries 1–3. As can be seen, the molecular
weights of the free forming polymers are similar in all cases,
regardless of the variation in reaction time.
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 SEM images of unmodified filter paper (left) and PTMC grafted paper (sample 4). The scale bar in both samples is 10 mm.

Fig. 4 IR spectroscopy on PTMC grafted paper (samples 1–4, Table 1),
unmodified cellulose and bulk PTMC (extracted from sample 4). The
range displayed illustrates the presence of a carbonyl peak due to the
carbonate functionality at 1750 cm�1.

Fig. 5 TGA of unmodified cellulose, bulk PTMC (from sample 4) and
PTMC grafted paper (samples 1–4, Table 1).
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There appeared to be an upper limit to the molecular weight
of this polymerisation, which can occur with higher targeted
molecular weights of TMC.38,47 It could be that the surface-
initiated polymerisation and the free polymerisation do not
follow the same reaction conditions, as in the case of SI-ATRP of
cellulose, and that side-reactions are occurring at a higher rate
in the bulk polymerisation compared to the surface-bound
polymerisation.32 In sample 4, no sacricial initiator was added
to the graing reaction which resulted in a stronger adsorption
peak in IR, suggesting that a considerably higher molecular
weight polymer had been graed to the surface in this case.
Regardless of the absence of free initiator, a free polymer was
formed in bulk, likely initiated from remaining water molecules
in the system. As can be seen in Table 1, entry 4, this polymer
has considerably higher molecular weight than the ones formed
from the free initiator. Furthermore, as this polymer did not
contain any benzylic methylene end-groups, no calculations
regarding the molecular weight could be performed from 1H-
NMR.
This journal is © The Royal Society of Chemistry 2014
The samples polymerised with DBU were analysed with TGA
to evaluate the thermal properties of the polycarbonate graed
lter paper in comparison to unmodied papers and PMTC
homopolymer. As shown in Fig. 5, there was a signicant
difference in degradation temperature between the PTMC and
the unmodied cellulose paper. PTMC had an onset of thermal
degradation temperature of around 240 �C, followed by a
precipitous decline in mass. The low temperature for degrada-
tion of PTMC has been attributed to the depolymerisation of the
carbonate group in the backbone.42 Conversely, unmodied
cellulose had the highest degradation temperature, over 100 �C
more than PTMC. As expected, when the degree of polymeri-
sation of the graed polymer increased, the temperature where
the onset of thermal degradation occurred was lowered. This
was expected; when the mass content of the PTMC was
increased, the mass content should begin to show the onset of
degradation at a lower temperature. Previous degradation
studies with copolymers of PTMC and other polyesters have
shown that increasing TMC content shis the onset of degra-
dation closer towards the pure PTMC degradation
RSC Adv., 2014, 4, 20737–20743 | 20741
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temperature.42 Furthermore, despite a signicant difference in
the degradation temperature of the polyesters and PTMC, they
observed a singular decrease in the mass and not a multi-step
system.42
Fig. 7 Contact angle of PTMC grafted paper after 1 minute of reaction
time and subsequent quenching of the polymerisation.
Rapid polymerisation of cellulose utilising TBD

The polymerisation of TMC from cellulose was controllable with
the use of DBU as a catalyst over several hours, however the
polymerisation times required were around 8 hours for total
conversion of the monomer. In order to reduce the reaction
times, a more active catalyst, TBD, was also investigated for the
SI-ROP of TMC.38,47 In the experiments, the polymerisation with
TBD had conversions of over 99% in less than 10 minutes.
Therefore, another strategy to control the molecular weight
graed to the paper was implemented. Using TBD as the cata-
lyst, the target molecular weight was adjusted rather than the
reaction time. Three different molecular weights were targeted
by altering the amount of sacricial initiator.

As shown with entries 5 and 6 in Table 1, the resulting free
forming polymer characteristics are shown. The increase in
dispersity for the DP of 50 versus 250 was attributed to the rapid
conversion and subsequent chain transfer reactions which
broaden the ĐM, similar to sample 3 in the DBU polymerisa-
tion.38,47 The polycarbonate graed papers utilising TBD as
catalyst were analysed in the samemanner as the ones catalysed
by DBU. In Fig. 6, the IR spectra of all the graed lter papers
are shown and compared to neat lter paper and PTMC. The
carbonate peak at 1750 cm�1 was increasing with higher target
molecular weight aer 10 minutes of polymerisation. The
reduction in the sacricial initiator produced higher molecular
masses on the paper. The lter paper possessed comparable
hydrophobic contact angle characteristics to the DBU catalysed
reactions.

However, we wanted to explore how quickly the polymeri-
sation could be implemented for the paper to become hydro-
phobic. Another reaction was run for 1 minute (target DP¼ 100)
with TBD and subsequently quenched. The reaction was run to
Fig. 6 IR spectroscopy of PTMC grafted papers (samples 5 and 6,
Table 1) and unmodified paper.
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over 99% conversion conrmed by NMR. The graing of the
paper was conrmed by IR spectroscopy (Fig. S2†), where there
is a sharp increase in absorption at 1750 cm�1. Aer processing
the paper, the sample was tested for contact angle; the paper
was equally as hydrophobic (104 � 3) as the previous DBU
samples aer 24 hours (Fig. 7). The ability for unmodied paper
to become transformed in very little time can potentially enable
the use of functional polycarbonates to create new applications
from cellulosic materials. We anticipate these ndings to be a
valuable procedure to not only introduce new functional
groups, but to also quickly introduce interesting polymer
architectures off of cellulosic interfaces.
Conclusions

Herein, the rst SI-ROP of carbonates from cellulose surfaces
was reported. Organocatalysts were implemented to demon-
strate controlled polymerisation with tuneable graing lengths
on the paper. The polymerisations can be implemented without
prior functionalization of the cellulose. Ring-opening poly-
merisations of TMC resulted in hydrophobic papers and the
graed polymer on the surface could be tailored through two
different routes. The graing content could be tuned by
adjusting the reaction time when DBU catalyst was employed or
by varying the ratio of monomer to initiator when utilising the
more active TBD catalyst. Rapid graing polymerisations
(1 min) were achieved with the use of TBD on lter paper.
Implementing organocatalysts with TMC allows a biomedical
relevant polymer to be graed to the surface of a cellulose
substrate without metal impurities in the system. The use of
cyclic carbonate monomers with TBD can be used as a potential
strategy to easily and rapidly introduce functionality onto
unmodied cellulosic substrates under mild conditions. The
combination of the speed of the reaction and the preclusion
modication steps in paper prior to polymerisation can enable
this as a potential synthetic route for industrial applications.
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